The concept of non-polar (1 100) m-plane GaN on Si substrates has been demonstrated by initiating growth on the vertical (1 11) sidewalls of patterned Si(112) substrates using metalorganic chemical vapor deposition. The Si (112) substrates were wet-etched to expose {111} planes using stripe-patterned SiN x masks oriented along the [110] direction.
INTRODUCTION
In c-plane nitride materials, the polarization-induced electric field causes spatial separation of electron and hole wavefunctions in quantum wells (QWs) used in light emitting diodes (LEDs) and laser diodes (LDs), thereby reducing quantum efficiency. 1, 2 A blueshift in the emission wavelength also becomes inevitable with increasing injection current unless very thin quantum wells are employed. The use of non-polar orientations, namely m-plane 3 or a-plane GaN, 4 would overcome this problem. The m-plane orientation is especially well-suited for optoelectronic applications in that compared to c-plane it is reported to have a lower valence band density of states and reduced valence band effective mass, leading to higher hole concentrations and larger optical matrix elements which enhance radiative recombination efficiency and improve LED and LD performance. 5 So far, m-plane GaN has been obtained on γ-LiAlO 2 (100) 6 , m-plane SiC substrates 7 and m-plane bulk GaN, 8, 9 which all have limited availability and/or high cost.
Silicon substrates are very attractive for the growth of GaN due to their high quality, good thermal conductivity, low cost, availability in large size, and ease with which they can be selectively removed before packaging for better light extraction and heat transfer when needed. Growth of c-plane GaN on Si has been explored extensively with considerable success; however, studies of non-polar or semi-polar GaN growth on Si have been limited. It is well known that hexagonal GaN(0001) grows on Si(111) with the following epitaxial relationships: GaN<0001>||Si<111> and GaN< 2 1 10 >||Si<011>. 10 The growth of (1120) a-plane GaN on Si(110), 11 (1122) GaN on Si(113), 12, 13, 14, 15 and (1 101) semi-polar GaN on Si(001) 16, 17, 13 has been achieved; however, studies of m-plane nitrides and related LEDs on Si substrates have not yet been reported. According to the epitaxial relationship between GaN and Si, it is possible to align m-plane GaN (1 100) with Si(112). In this case, growth must be initiated on Si(111) facets, which requires patterning of the Si substrate to expose the {111} facets and allow only ( 1 11) facets to participate in growth. In this paper, we describe the epitaxial growth of non-polar, m-plane GaN on stripe-patterned Si(112) substrates using metalorganic chemical vapor deposition (MOCVD).
EXPERIMENTAL PROCEDURES
To obtain m-plane GaN parallel to the substrate Si(112) plane, the c-axis of GaN and, therefore, select Si[111] directions should lie in the substrate plane. Si(112) substrates were therefore patterned prior to growth to expose vertical Si ( 1 11) facets as shown in Figure 1 . First, a 100 nm-thick SiN x layer was grown by plasma-enhanced chemical vapor deposition (PECVD) on a Si(112) substrate 18 , and was then patterned to form a wet-etch mask having periodic stripes (4µm-wide mask plus 10 µm-wide open window) along the Si [1 10] direction by using inductively-coupled plasma (ICP) etching after standard photolithography. Subsequent anisotropic wet-etching of Si was performed in a KOH solution (4.16 Molar) at 40 °C to form Si{111} facets. As shown in Figure 1 , after KOH etching two groups of Si{111} planes would be formed, one being perpendicular to Si(112) and the other forming an angle of 19º with the Si(112) surface. The vertical Si ( 1 11) sidewalls are used for the m-GaN growth and have a depth of approximately 4 µm. Even though the depth could be increased by increasing the period of the SiN x etching mask, this was deemed unnecessary because full coalescence of the subsequently grown GaN film would then require longer growth times.
Next, a 100 nm-thick AlN layer was grown by MOCVD on the patterned Si substrate at 1050 ºC to serve as a seed layer for the GaN growth after the remaining SiN x etching mask was removed using buffered-oxide etch (BOE). To initiate growth only on the vertical Si ( 1 11) sidewalls and not on the Si(112) and inclined Si (111) surfaces, a SiO 2 mask was then deposited using angled e-beam evaporation to expose only the vertical Si (1 11) sidewalls and a small portion of the tilted Si(111) surface near the vertical sidewalls (~1 μm wide) [ Figure 2 (a)]. The Si substrate was then reloaded into the MOCVD chamber for GaN growth, which was initiated on the vertical Si (1 11) shows the internal quantum efficiencies of both samples extracted from the excitation dependence of the PL intensity using a Ti-sapphire laser (370nm).
RESULTS AND DISCUSSION
The plan-view and cross-sectional scanning electron microscopy (SEM) images of the m-plane GaN after 3 hours of growth were shown in Figure 2 . According to the plan-view image in Figure 2(b) , the sample surface was partially coalesced due to an insufficient overgrowth time and also in part due to a relatively low ratio of lateral growth rate to vertical growth rate (1:1 in this case) under the non-optimized GaN growth conditions employed. From the crosssectional SEM image in Figure 2 (c) and Figure 2 (d) the GaN growth was confirmed to initiate only on the vertical Si ( 1 11) sidewalls. With further growth and coalescence, the facets and trenches observed in Figure 2 (b) at the meeting fronts are expected to gradually disappear and result in a smooth m-plane GaN surface. Since the growth is initiated on the vertical Si ( 1 11) sidewalls, the threading dislocations are expected to propagate along the GaN c-axis, and not toward the surface. Figure 3 shows an atomic force microscopy (AFM) image of the m-plane GaN sample on Si. The image indicates a very smooth surface (RMS roughness of ~0.3 nm over an area of 2µm×2µm) with clear atomic steps, suggesting a step-flow growth mode for this sample.
In order to confirm the GaN orientation, on-axis x-ray diffraction (XRD) 2θ-ω scans were performed as shown in Figure  4(a) . The XRD data show only GaN m-plane (1 100) and (2200) diffraction peaks, while the Si(112) substrate does not appear due to a diffraction extinction effect. To determine the in-plane epitaxial relationship between the GaN and Si substrate, off-axis XRD scans were performed by changing the φ and ψ angles, where φ is the angle of rotation about the sample surface normal and ψ is the angle of tilt about the axis formed by the intersection of the Bragg and scattering planes. The results [see inset of Figure 4(a) ] suggest that GaN (1 101) is oriented 180º away from the tilted Si(111) in terms of φ angles which conforms to the relationship depicted in the schematic of Figure 1 . To determine the crystalline quality of the grown m-plane GaN sample XRD rocking curves were measured. As shown in Figure 4(b) , the rocking curve FWHM value is 9 arcmin when rocked toward the GaN a-axis, and 27 arcmin when rocked toward the GaN caxis. Because the GaN c-axis, which is perpendicular to the stripes, is the laterally advancing direction for the m-GaN growth, the larger FWHM value in the case of rocking toward the c-axis reflects broadening due to tilting of the advancing wings in the c + and c − directions. However, the individual XRD linewidths of the wings were most probably not sufficiently narrow to allow the determination of the tilt angle.
It should be mentioned that cracking of GaN on Si(111) is a major problem due to the inherent tensile strain induced by the very large difference of thermal expansion coefficient between GaN (Δa/a: 5.59×10 -6 /K, Δc/c: 3.17×10 -6 /K) and Si (2.6×10 -6 /K) unless special strain-releasing layers are employed. Because growth in our case is done on patterned Si substrates, such cracking has been mostly avoided. Only a very limited number of cracks separated by hundreds of microns were observed on the sample surface along the c-axis, because the stripes are contiguous along the GaN adirection. Using low-temperature AlN 19 or AlN/GaN superlattices 20 as a buffer layer, the cracking in our case could be avoided. The surface of the m-plane GaN sample on Si was very smooth (RMS roughness of ~0.3 nm over an area of 2 µm×2 µm) and exhibited clear atomic steps, as revealed from atomic force microscopy measurements.
Regarding optical characterization, the room temperature bandedge photoluminescence (PL) intensity measured using a HeCd laser operating at 325 nm wavelength was approximately 75% of that measured for a c-plane epitaxially lateral overgrown (ELO) GaN sample of comparable thickness. This is remarkable considering that the GaN layer is on a Si substrate and c-plane GaN ELO samples have undergone years of improvement. For further evaluation of the optical quality, 6-nm thick InGaN double heterostructure (DH) light emitting diode active layers were deposited by MOCVD both on the m-GaN sample on Si and on a high quality c-GaN template grown on c-sapphire. A frequency-doubled femtosecond Ti:sapphire laser emitting at 370nm was used for excitation dependent PL measurements from which the internal quantum efficiencies (IQEs) were deduced using the method described in Ref. 21 , but with Auger effects included. The IQE measurement and results of the InGaN layers on Si have been described in another report. 22 As shown in Figure 5 , the PL emission peak blueshifts with increasing excitation density for the sample on c-plane GaN [ Figure  5 
CONCLUSION
The epitaxial growth of m-plane GaN films has been achieved on the vertical Si ( 1 11) sidewalls of patterned Si(112) substrates, as confirmed by on-axis XRD measurements. Remarkably, internal quantum efficiencies of InGaN DH layers grown on these m-GaN films on Si are twice that of c-plane varieties, reaching 65 % at a moderate carrier concentration of 1.2×10 18 cm -3 . The selective area growth of non-polar, m-plane GaN layers on patterned and relatively low cost Si substrates is very promising for high efficiency light emitters.
